INTRODUCTION
Retrotransposons constitute an extensively distributed family of eukaryotic transposable elements. Their insertion is responsible for a very large fraction of known spontaneous mutation in Drosophila (1, 2, 3) . The developmentally programmed, somatic transcription of Drosophila retrotransposons indicates the presence of specialized regulatory elements (4, 5, 6) . Enhancers arid silencers have been detected for D. melanogaster retrotransposons copia and gypsy (mdg4) and yeast retrotransposons Ty (7, 8, 9, 10) . Our study of mdgl transcription has shown that transcription of retrotransposons can be regulated at the level of 3'-end processing.
Drosophila retrotransposons are polll transcription units with associated transcript start site and terminus formation signals (1) . mdgl is one of the most actively transcribed Drosophila retrotransposons. A full-length poly(A) + RNA is transcribed from mdgl in D. melanogaster cultured cells (11) . The analysis of the mdgl sequence (12, 13) has revealed that there is an unusually long leader region with two small open reading frames (sORF) in the mdgl body. These ORFs can code for polypeptides about 100 amino acids in length. We have also shown, that two regions in the mdgl body can specifically bind nuclear proteins of D. melanogaster (14) . The first one is located in the 5'-end part of mdg 1 1 kb downstream of the transcription initiation site and contains long oligo(dA) stretches (from 14 to 31 nucleotides) in the coding strand. Taking into consideration an unusual organization of the mdgl leader region, it was interesting to investigate its functional activity. Transient expression of the mdgl deletion mutants detected 3'-end processing sites in the leader region which lead to formation of transcripts about 1.5 kb long. The second long terminal repeat (LTR) with the adjacent part of the body and the sequences downstream of the sites take part in the abolition of the premature 3'-end processing. The activity of the sites is regulated in different cell types. Analysis of RNAs from different D. melanogaster strains has shown variable correlation between 7 kb and 1.5 kb transcripts; in some cases 1.5 kb transcripts cannot be detected at all.
We have also shown that the second sORF in the mdgl leader region in principle can be translated. This indicates the possibility of transcription reinitiation for translation of the main ORF.
MATERIALS AND METHODS

Plasmid constructs
The schemes of the constructs are shown in fig. 1 .
To produce catA, catB and catC constructs, we used pUCcat plasmid, which had been made by cloning of the 1.63 kb Hindlll -BamHI fragment from the pRSVcat plasmid (15) into the Hindll and BamHI sites of pUC19. (The blunted ends of the fragments are underlined throughout; for blunting we used T4 DNApolymerase or E.coli DNA-polymerase 1Klenow fragment). The HindM-BamHl fragment contains the coding part of the chloramphenicolacetyltranspherase (CAT) gene and the SV40 RNA-processing sequences. The Hindni and PstI sites of the vector pUCcat were ligated: for catA construct-to the 1.6 kb Kmdm-Bcnlfragment from Dm58 (11); for catB-to the 2.0 kb Hindffl-Stf/G/ fragment from Dm58; for catC-to two fragments: the 2.0 kb Hindffl-SalGI and the 0.3 kb SalGI-BspRI from Dm58.
To create catA' and catC' containing an insertion of the pUC19 fragment in the Bcnl site of the mdgl leader region, we have made an intermediate pUCA plasmid. The pUCA has been produced by introducing the 1.6 kb HindUl-Bcnl fragment from Dm58 and the 0.21 kb BspRI-PstI fragment from pUC19 into the Hindm and PstI sites of pUC19. catA' and catC' have been made by ligating the 1.63 kb Smal-BamHI fragment from pSVOcat (16) and the 2.3 kb Bcnl-BamHl from catC respectively to the SalGI and BamHI cleaved pUCA.
To create the constructs containing the mdgl LTR as a polyadenylation signal, we used the catX plasmid (17) , containing the 0.56 kb Dral-Xbal mdgl fragment in the SalGI and Xbal pUC19 sites. pA has been constructed from catA' by substitution of the Pstl-BamHI fragment containing the CAT gene by the 0.57 kb Pstl-BamHI fragment from catX. To produce full-length mdgl with the insertion (pF) we performed incomplete digestion of catA' by HindM, then blunted the ends by DNA-polymerasel Klenow fragment and cleaved the vector with BamHI; we replaced the 1.63 kb Hindm-BamHI fragment by the 6.1 kb BcnlBamHI fragment from Dm58. pC has been produced from pF: instead of the 5.8 kb SalGI-BamHI fragment we have inserted two fragments, namely the 0.3 kb SalGI-BspRI from Dm58 and the 0.57 kb Hindlll-BamHl fragment from catX. pD and pE are also derivatives of pF. pD has been constructed by replacement of the 4.5 kb Pstl-BamHI fragment with the 0.57 kb Pstl-BamHI fragment from catX. pE has been derived from pF by replacement of the 1.6 kb X2>a/-BamHI fragment with the 0.57 kb HindlllBamHI fragment from catX. pDl and pD2 are derivatives of pD. For pDl construction we used the pl4 plasmid (17) which contained the 0.25 kb EcoRI fragment of the mdgl LTR in the EcoRI site of pUC19 site. We have removed the 0.56 kb PstlKpnl fragment from pD (containing Dral-Xbal mdgl fragment) and inserted the 0.14 kb flg///-KpnI fragment from pl4 into the vector. For pD2 construct we have replaced the 0.57 kb PstlSmal fragment in pD with the 0.24 kb Pstl-BspRI fragment from Dm38 (18) which contained a part of the mdg3 LTR with a polyadenylation signal. pCl is a derivative of pC and contains the SV40 signals of 3'-RNA processing instead of the mdgl LTR as an RNA polyadenylation signal. It has been produced by replacement of the 0.57 kb Pstl-BamHI fragment with the 0.14 kb BamHI-Hpal fragment from pSVO plasmid. For catC", we have inserted the 0.56 kb Pstl-Sacl fragment from catX into the BamHI-Sacl sites of catC'. So, catC" contains the mdgl 3'-LTR with the adjacent part of the body downstream from the SV40 polyadenylation signal. pDcat and pDcat' have been constructed on the basis of pD. For pDcat, the 1.63 kb Hindlll-Sacl fragment from catA' has been inserted into pD instead of the 0.6 kb PstlSacI fragment. For pDcat', we have inserted two fragments into pD: the 0.6 kb HindHI-Sacl from pA and the 1.63 kb Pstl-Smal from catA', instead of the 0.6 kb Pstl-SacI fragment.
To produce hspcatA, hspcatB and hspcatC constructs, we have performed an incomplete digestion of catA, catB and catC with EcoRI. Then the EcoRI-Kpni fragments (2.2, 2.75 and 3.0 kb respectively) containing the 5'-parts of the mdgl body of different length and the CAT gene, were inserted downstream from the heat-shock promoter into BamHI-Kpni sites of pUC19 (19) . To make hspF, we have replaced the 2.25 kb Bcnl-Kpnl fragment in hspcatC with the 7.2 kb Bcnl-Kpnl fragment from Dm58. The accuracy of the junctions in the constructs has been verified by sequencing.
Treatment and labeling of nucleic acids
Plasmid DNA isolation, cloning, RNA isolation and Northernhybridization were performed according to (20) . For DNA labelling, we used DNA-polymerase I Klenow fragment (Amersham) and a//?/u2-32 P-deoxyribonucleosidetriphosphates ('Isotop', Tashkent).
Transfection, CAT and fteta-galactosidase assays For transfection of the constructs under the heat-shock promoter, we used Drosophila hydei cultured cells; in all other cases we transfected D.melanogaster Schneider 2 cell culture.
Cell culture transfection by the Ca-phosphate technique and CAT assay were carried out as described in (21) . The efficiency of transfection was controlled using the plasmid D88 and the standard tefa-galactosidase assay (22) .
Primer extension experiments
The initiation sites of transcription for catA' and catC' constructs have been determined by means of the primer-extension technique according to (20) , but actinomycin D concentration was 1 /ig/ml. As a primer, we used the corresponding strand of the pUC19 fragment which had been inserted into the analyzed constructs. Single-stranded 32 PDNA primer was synthesized on the M13 phage template using the hybridization primer (Amersham) and hybridized to poly(A) + RNA as in (23).
Sl-nuclease assay Sl-nuclease assay was performed as described in (24) . The poly(A) + RNA was hybridized to either the 0.86 kb BcnI-SphI fragment from Dm58 clone, labeled at the Bcnl site, or the corresponding strand of the 0.44 kb SalGI-PvuII fragment, labeled at the SalGI site.
RESULTS
The leader region of mdgl RNA contains 3'-end processing sites
Restriction map of the Dm58 plasmid (25) which contains a fulllength copy of mdgl is shown in fig. 1 . One can see that mdgl has an unusually long leader region which contains the sORFs and the region of specific binding of nuclear proteins (12, 14) . It should be noted, that the 412 Drosophila retrotransposon has a very similar structure, including the leader region (26) . Therefore, it was interesting to investigate the functional activity of this region. In order to study whether this region influences mdgl expression, we have used the system (16) in which the expression of the bacterial CAT gene (i.e. CAT enzyme activity) is controlled by the eukaryotic promoter and allows one to assay its transcriptional activity. Fragments of mdgl containing the lefthand LTR and different adjacent parts of the body have been cloned in a plasmid containing the CAT gene coding region followed by the SV40 DNA regions with RNA processing signals, viz. an intron and a polyadenylation signal (see fig.l ). The catA construct includes the mdgl LTR and the part of the body up to the Bcnl site. catB and catC contain the mdgl sequences up to SalGI and BspRI sites respectively ( fig. 1) . For transient expression analysis of the constructs, we used D.melanogaster Schneider 2 cultured cells ( fig.2) . In order to eliminate the error introduced by the unstable level of cell transfection, we normalized the cell lysate quantity added to a sample for CAT reaction (see Materials and Methods). One can see ( fig.2A) , that for catA CAT protein activity is high, while for catB and catC it is practically undetectable. One may suggest several explanations of these results. The main of them are the following: 1) there is either a transcription terminator or a negative regulator in the analyzed region; 2) there is a donor splice site in the region, that results in splicing out the CAT gene and ligation to the SV40 acceptor splice site; 3) the second small ORF is active, that results in a shift of the CAT gene reading frame. To distinguish between 1) and 2), we analyzed poly(A) + RNA from transfected cells by Northern hybridization. To distinguish transcripts of interest from endogenous ones, we have inserted the 210 bp Pstl-BspRI fragment from pUC19 into the Bcnl site of catA, catC and the other constructs (except for the ones under the heat shock promoter). We named the derivative constructs catA' and catC' (fig. 1) We also studied transcription of analogous constructs in which the mdgl promoter was replaced by the heat shock promoter (hspcatA, hspcatB and hspcatC). These gave us a possibility to study transcription of the constructs in those species of Drosophila in which the mdgl promoter was inactive, e.g. Drosophila hydei ( fig.2B, lanes 4-7) . We did not use heat shock for expression of these constructs because they were actively transcribed at normal temperatures. Both transcription pattern and CAT activity of the constructs were analogous to that ones under the mdgl promoter. Therefore, the premature 3'-end processing in the leader region of mdgl takes place in the Drosophila species which does not contain mdgl.
Hybridization of the prematurely 3'-end processed transcripts with different fragments of mdgl has shown that their 3'-ends reside in the leader region, near the long oligo(A) stretches (data not shown). A question arises whether the short transcripts are polyadenylated. The oligo(A) stretches within the leader region are able to bind to poly(U)-sepharose, so the short transcripts without long poly(A) tails could be isolated in the polyadenylated RNA fraction. Nevertheless, we suppose that the short transcripts are likely to be polyadenylated, because the hybridization bands are rather broad, and this agrees with different lengths of the poly(A)-tails at the 3'-ends of the transcripts.
To define the 3'-end processing sites in the leader region of mdgl, we used Sl-nuclease assay. We have hybridized poly (A) + RNA from D.hydei cells transfected with hspcatC DNA, to either the 860 bp Bcnl*-Sphl fragment from Dm58 clone or the SalGI-labeled minus strand of the 440 bp SalGIPvuII fragment from hspcatC construct ( fig.3 ). Sl-nuclease assay revealed three sites of 3'-end processing in the leader region. The first one is located near the SalGI site and the others-just downstream from the long oligo (dA) stretches. Taking into consideration the length of the short transcripts, we concluded that the 1.5 kb transcripts correspond to RNA polyadenylation at the first site, and the 1.7 kb transcripts-to RNA polyadenylation at the second and third sites, downstream from the oligo(A)-stretches. The AATAAC sequence has been found upstream of the first site, the AATAAA-upstream of the second one, and the AATGAA-upstream of the third one. However, the AATAAA sequence is located unusually far upstream of the site II and the AATGAA one rarely occurs upstream from sites of RNA polyadenylation (27) . One can see that the hspcatB construct does not contain the 3'-end processing site downstream of the SalGI site, but the premature 3'-end processing takes place ( fig.2, lane 5) . The hspcatB construct is analogous to catB ( fig. 1 ), but instead of the mdgl promoter it has heat shock promoter. It is likely that the AATAAC and the adjacent sequences are sufficient to promote polyadenylation in hspcatB and it takes place within the CAT gene.
The second small ORF might be translated
The premature 3'-end processing per se cannot explain the complete absence of CAT activity for hspcatB, hspcatC and catC' constructs, because about one half of the transcripts have their 3'-ends in the leader region and the others contain the CAT gene ( fig.2B, lanes 2,5,6) . So, the premature 3'-end processing should lead to about twofold reduction of CAT activity, but we could not detect any CAT activity at all for hspcatB, hspcatC and catC' constructs ( fig.2A, lane 5 ; for hspcatB and hspcatC the data are the same as for catB and catQ. To explain this fact, we supposed that the second small ORF was translated, this preventing the CAT RNA translation either because of the frameshift (hspcatB) or a presence of a termination codon (catC', hspcatC). There is also a frameshift for the CAT gene for sORFl in the catA' construct, but it does not affect CAT activity ( fig.2A, lane 4) . Therefore, sORFl was inactive or weakly active in our experiments. Nevertheless, both sORFl and sORF2 have AUG codons with favorable for translation initiation environment (12) .
Analysis of mdgl endogenous transcripts
Only the full-length transcripts were detected after transfection of Drosophila cultured cells with the plasmid containing the fulllength mdgl copy (pF), (fig.2B, lane 3 lanes 1,2). It should be mentioned that transcripts of similar size for mdgl were also detected by Parkhurst and Corces (6) during analysis of the transcription pattern of copia-like elements at different stages of D. melanogaster ontogenesis (y^wf strain). The authors concluded that the short transcripts resulted from premature termination of transcription. These data point out the existence of factors regulating the 3'-end processing in the mdgl leader region, and different types of cells probably differ in the content of the factors.
The 3'-end processing in the leader region is regulated by sequences within mdgl As mentioned above, we have not detected short transcripts from the transfected full-length mdgl copy in Drosophila cultured cells.
At the same time, we detected such transcripts in these cells transfected by catC'. To explain this fact, we suggested that there were some sequences in mdgl which influenced the premature 3'-end processing. These could be probably associated with the 3'-end LTR, as it contains functional polyadenylation signals that result in full-length mdgl transcripts (28). We could not exclude the influence of other regions in the mdgl body preventing the formation of the short transcripts. To clarify the question, we have made constructs containing the 5'-end LTR, the leader region, including 3'-end processing sites and flanking regions of the body cut off to a various extent ( fig. 1 , pA-pE constructs).
There was the Dral-Xbal mdgl fragment at the 3'-ends of the constructs. Therefore, all the constructs had the mdgl 3'-LTR as a polyadenylation signal. Transient expression of such constructs did not reveal considerable quantities of the transcripts polyadenylated in the leader region. It should be noted that the same transcription pattern was observed for the construct analogous to catC (pC) ( fig. 5, lanes 1-5) . Hence, the 3'-LTR with the adjacent sequences influenced the premature 3'-end RNA processing, which can be explained by competition between the polyadenylation signals in the leader region and the LTR. Moreover, the LTR polyadenylation signal is 'stronger' than the ones in the leader region. To check this possibility and to locate the sequences participating in the 3'-LTR polyadenylation more precisely, we have made the following constructs: we have replaced the Dral-Xbal fragment in pD clone with either the 140 bp BglH-EcoRI fragment from the mdgl LTR (pDl) or the 240 bp Pstl-BspRI fragment of the mdg3 LTR (18), (pD2), ( fig. 1 ). Both these fragments contain LTR polyadenylation signals (28) .
One can see ( fig. 5, 10 ) that removal of the Dral-Bgin fragment adjacent to the LTR polyadenylation signal leads to change of the transcription pattern and makes the short transcripts more abundant. Therefore, the 3'-end processing in the leader region is affected by both the polyadenylation signal in the mdgl LTR and the 5'-adjacent sequences. The mdg3 polyadenylation signal doesn't affect polyadenylation in the leader region ( fig. 5 , lane 11). It should be mentioned that the Pstl-BspRI mdg3 LTR fragment is sufficient for polyadenylation in the constructs that do not contain other polyadenylation signals (unpublished results). Regulation of 3'-end processing in the leader region is likely to be a complicated process. There are sequences within the mdg 1 body involved in this process in addition to the 3'-LTR. The following experiments confirm this statement. We inserted the 3'-LTR containing fragment into the catC' construct, downstream from the SV40 polyadenylation signal (catC"). This fragment has abolished premature polyadenylation in pC, pD and pF constructs. For catC" we did not find complete abolition of premature polyadenylation, although some influence was detected (fig. 5, lane 6) . We proposed that the sequences downstream of the premature polyadenylation signals influence the process. To check this possibility and to exclude possible influence of the CAT gene on abolition of premature polyadenylation, we created pDcat and pDcat' constructs ( fig. 1 ). For pDcat, we replaced the 3'LTR in pD with the CAT gene followed by the SV40 polyadenylation signal. For pDcat' construct, we inserted the CAT gene between the PstI site and the 3'-LTR. Analysis of pDcat' transient expression did not reveal the prematurely 3'-end processed transcripts ( fig.5, lane 14) . This agrees with the suggestion that the sequences downstream of the premature polyadenylation sites influence the process. Probably the addition of these sequences changes the secondary RNA structure and makes the premature signals not available for RNA polyadenylation system. It is also possible that the sequences downstream of the BspRI site affect binding of nuclear proteins to the leader region of transcripts, and this could lead to abolition of the premature 3'-end processing. The transcription pattern for pDcat confirms that the 3'-LTR affects 3'-end processing in the leader region ( fig.5, lane  13) .
We would also like to point out that in the absence of the sequences downstream of the premature 3'-end processing sites the proposed competition effect between the polyadenylation signals in the 3'-LTR and the leader region depends on the distance between them (compare catC' and pC transcription pattern, fig.5, lanes 6,7) . When the SV40 polyadenylation signal was placed just downstream from the mdgl leader region (pC' construct, fig.5, lane 8) , it did not lead to abolition of the premature polyadenylation. In this case, the 3'-end processing took place both in the leader region and at the SV40 polyadenylation site (SI analysis, data not shown). It is likely that the premature polyadenylation signals are rather weak and they work only in particular conditions and in the absence of other strong polyadenylation signals in a close vicinity.
DISCUSSION
In this report we have shown that regulation of 3'-end RNA processing can affect expression of retrotransposons. The significance of the cryptic premature polyadenylation is not completely clear, but it possibly can be one of the factors restricting the full-length gene transcription, mdgl has a strong promoter and it is transcribed very actively (11) . So, the restriction of transcription may regulate transposition frequency of the element. We do not detect the short transcripts in the cultured cells and it is possibly connected with mdgl amplification (25, 29) , as it is known that the full-length transcripts are the primary transposition intermediates (28, 30) . The analysis of the RNAs from fly and larval stocks of different strains revealed both full-length and short mdgl transcripts, some of which resulted from splicing and the others-from the premature polyadenylation (unpublished results). So, the production of the full-length transcripts can be regulated in vivo. Another possible significance of the premature 3'-end processing is to provide products of the small ORFs. The proposed products of the ORFs could be involved in regulation of reading the main ORF of the element.
What is the possible mechanism of regulation of the premature 3'-end mdgl RNA processing? In cultured cells, the addition of the 3'-LTR to the analyzed constructs leads to the abolition of the premature polyadenylation. We suppose that there is a competition between the polyadenylation signals in the leader region and the 3'-LTR, which depends on the distance between the signals. The sequences downstream of the premature polyadenylation sites increase the long-distance effect of the LTR. It is possible that one of the functions of these sequences is to change the RNA secondary structure, making the polyadenylation signals in the leader region less available for the RNA polyadenylation system. When the 3'-LTR is moved close to the leader region, the competition effect increases, and polyadenylation takes place after the stronger signal, in the LTR.
It is important to note that the sites of the premature polyadenylation are located within the region of specific binding to nuclear proteins (14) . The availability of the different polyadenylation signals in different cell types may be variable, and the role of the sequence-specific binding proteins seems to, be important in this process (31) .
In regard to existence of unusually long leader region in the mdgl and the sites of premature 3'-end processing, one of possible explanations of this is the next. The leader region of the mdgl is retroposon(s) which has inserted itself within the mdgl transposon and the polyadenilation signals and long oligo(dA) stretches are hallmarks of the 3'-ends of the elements.
The premature 3'-end processed RNAs can code for two small proteins 111 and 76 amino acids long (12) . The function of the proposed proteins is not clear, but we have noticed that there is a typical Zn-binding domain in the C-terminal end of the first one. It has been shown that the polypeptides with such domains usually take part in regulation of transcription and translation in eukaryotes and reverse transcription of retroviruses (32) (33) (34) . Our experiments have failed to show translation of sORFl. But it does not exclude a possibility that it can be translated under certain conditions. As for sORF2, it is likely to be translated in Drosophila cultured cells. A question comes up about the mechanism of the mdgl main ORF translation. The scanning model predicts that upstream AUG codons act as barriers to the migrating ribosomes (35) . According to the terminationreinitiation model of translation, ribosomes can reinitiate at a downstream ORF upon termination of translation of an upstream ORF (36) . Although translation reinitiation is not typical for eukaryotes, sometimes it can occur (37, 38) . It is likely to take place during the mdgl RNA translation and the sORFs' products are possibly involved in this process.
